Abstract Acquirement of resistance to rituximab has been observed in lymphoma patients. To define mechanisms associated with rituximab resistance, we developed various rituximab-resistant cell lines (RRCL) and studied changes in CD20 expression/structure, lipid raft domain (LRD) reorganization, calcium mobilization, antibody-dependent cellular cytotoxicity, and complementmediated cytotoxicity (CMC) between parental and RRCL. Significant changes in surface CD20 antigen expression were shown in RRCL. Decreased calcium mobilization and redistribution of CD20 into LRD were found in RRCL. Western blotting identified a unique 35 kDa protein band in RRCL, which was not seen in parental cells and was secondary to an increase in surface and cytoplasmic expression of IgM light chains. CD20 gene expression was decreased in RRCL. In vitro exposure to PS341 increased CD20 expression in RRCL and minimally improved the sensitivity to rituximab-associated CMC. Our data strongly suggest that the acquisition of rituximab resistance is associated with global gene and protein down-regulation of the CD20 antigen affecting LRD organization and downstream signaling. CD20 expression seems to be regulated at the pretranscriptional and posttranscriptional levels. Proteasome inhibition partially reversed rituximab resistance, suggesting the existence of additional mediators of rituximab resistance. Future research is geared to identify drugs and/or biological agents that are effective against RRCL.
Rituximab is an IgGn chimeric monoclonal antibody (mAb) directed against the CD20 antigen expressed on normal B cells and the majority of mature B-cell neoplasms (1) . Several biological effects have been attributed to rituximab antitumor activity, including antibody-dependent cellular cytotoxicity (ADCC), complement-mediated cytotoxicity (CMC), and induction of apoptosis/antiproliferation (2 -13) . Evidence strongly supports that ADCC mediated by cytotoxic lymphocytes, monocyte/macrophages, and neutrophils may be the predominant in vivo mechanism of action of rituximab (12, 13) .
Binding of rituximab to surface CD20 on B-cell lymphoma cells results in the activation of the Src family of protein tyrosine kinases, leading to phosphorylation of PLCg2 and increased cytoplasmic Ca 2+ (3 -11) . These early signal transduction events activate caspase-3 to promote B-cell apoptosis (11) . Reorganization of the CD20 receptor into LRD is observed following rituximab exposure and precedes the aforementioned signaling events (14, 15) . Structural changes in CD20 likely affect its redistribution within the LRD and decrease the cellular responses to rituximab (15) .
It is postulated that the majority of patients retreated with rituximab will eventually relapse with variable degrees of resistant disease (16) . There is an urgent need to conduct translational studies that will explore the mechanisms of resistance to mAbs in non -Hodgkin's lymphoma (NHL), and to develop therapeutic strategies to limit and/or overcome resistance pathways.
Therapeutic strategies combining rituximab with systemic chemotherapy result in higher response rates and an improvement in survival (17, 18 ). An alternative strategy by which to potentially minimize treatment-related toxicities, while maximizing rituximab activity, is by using an extended rituximab induction schedule and/or maintenance program(s). ''Repeated exposure'' of NHL cells to rituximab could lead to an increasing incidence of clinical rituximab resistance. The effect of rituximab resistance with respect to tumor responsiveness to subsequent biological or chemotherapy treatment in lymphoma patients is currently unknown.
Mechanisms for tumor resistance to mAb therapy that have been postulated can be divided into tumor-related [e.g., downregulation of targeted extracellular CD20 antigen, acquisition of a protective phenotype (by up-regulation of complement inhibitory proteins, etc.)] or host-related factors (e.g., Fcg receptor polymorphisms; refs. 19 -26) . Complete CD20 expression loss has been reported in anecdotal case reports involving a small number of patients (20) . One of the major limitations in defining the mechanisms of resistance to rituximab is the lack of a laboratory model by which unlimited supplies of ''resistant'' cells may be repeatedly and extensively studied over an extended period of time. Using a rituximab-resistant model, we show that on the development of rituximab resistance, significant changes occur to the CD20 antigen, including (a) a moderate down-regulation of CD20; (b) altered reorganization of CD20 into the LRD; and (c) a possible role for the ubiquitin-proteasome system in the degradation of the COOHterminal of CD20. In addition, we show increased expression of complement inhibitory proteins (CD55, CD59) as well as unexpected up-regulation of surface and cytoplasmic IgM and CD52.
Materials and Methods
Cell lines and generation of rituximab-resistant cell lines. The studies were conducted in several rituximab-sensitive (RSCL) and rituximabresistant (RRCL) cell lines. Raji and RL cells were purchased from the American Type Culture Collection. The Raji cell lines are wellcharacterized Burkitt's lymphoma cell lines. The RL cell line is an EBV-negative diffuse large B-cell lymphoma cell line. The SU-DHL-4 cell line, which is a transformed follicular lymphoma cell line, was a kind gift of Dr. Steven Treon (Dana-Farber Cancer Institute, Boston, MA). The cells were maintained in RPMI 1640 supplemented with HEPES 5 mmol/L, sodium pyruvate 1 mmol/L, penicillin and streptomycin (100 IU/mL), and 10% heat-inactivated fetal bovine serum (RPMI-10).
RRCL were generated from Raji, SU-DHL4, and RL cells (Table 1) . For the development of resistant cell lines, sensitive parental cell lines were maintained in RPMI-10 and once the log phase of growth was reached, the cells were divided into two groups. In the first group, cells were incubated at 37jC, 5% CO 2 and serially exposed for 24 h to an escalating dose of rituximab (0.1-128 Ag/mL). The second group of lymphoma cells was exposed for 24 h to an escalating dose of rituximab (same dose range as in group 1) plus an escalating concentration of human serum (dilution 1:1,000 up to 1:1.875) as a source of complement. Following the 24 h incubation with rituximab F human serum, cells were centrifuged and the medium was replaced with fresh RPMI 1640-10. Cells were then allowed to regrow for a minimum of 3 days, and once exponential log phase of growth was reached, the procedure was repeated for a total of 10 passages at which time functional assays (i.e., ADCC, CMC) showed maximal inhibition of rituximab-associated biological activity.
Antibodies. Rituximab (Biogen Idec and Genentech) was obtained from the RPCI Pharmacy Department. The testing dose of anti-CD20 used for the present studies was 10 Ag/mL. Chimeric anti-human Her2neu (trastuzumab) was used as an isotype.
For phenotypic analysis, purified phycoerythrin-conjugated monoclonal mouse anti-human CD80 and CD45RO as well as FITCconjugated mouse anti-human CD45RA and a PC-conjugated mouse anti-human CD19 were obtained from Beckman Coulter, Inc. FITCconjugated mouse anti-human CD20, HLA-DR, and CD40; and phycoerythrin-conjugated mouse anti-human CD59 as well as CyChrome -conjugated mouse anti-human CD55 mAbs were purchased from BD PharMingen, Inc. A tricolor mouse anti-human CD22 and an allophycocyanin-labeled mouse anti-human CD52 were obtained from Caltag Laboratories. Finally, FITC-goat anti-mouse and phycoerythringoat anti-human mAbs were used as isotype controls (BD PharMingen). An allophycocyanin-conjugated mouse anti-human anti-CD79a (BD PharMingen) was used to detect changes in surface IgM.
For Western blot studies, two polyclonal rabbit anti-human antibodies were used to detect the internal domain of CD20 antigen as previously described (15, 27) . The antibody 1439 recognizes the NH 2 -terminal region whereas the antibody GST-77 binds specifically to the COOH-terminal region of the intracellular domain of CD20. Two polyclonal rabbit anti-human anti-ubiquitin -activating enzyme (E1) and anti-human ubiquitin conjugating enzyme (E2) were obtained from Calbiochem Laboratories. Appropriate secondary antibodies were obtained from Stressgen Biotechnology.
Functional assays to asses rituximab-mediated ADCC and CMC. Cr-labeled NHL cells (1 Â 10 5 per well) were incubated in RPMI-10 and treated with 50 AL of a 1% Triton solution to determine maximum chromium release. Finally, the 96-well plates were centrifuged at 1,400 rpm (300 Â g), 4jC for 5 min and the supernatant of each well was collected individually and g emission was measured by the Packard Auto-Gamma Cobra II series counting system (IBM, Inc.).
ADCC assays were done using peripheral blood mononuclear cells at an effector to target ratio of 40:1 for 6 h as previously described (28) .
The percentage of specific 51 Cr release (lysis) was calculated using the standard formula: %lysis = [(test sample release -background release) / (maximum release -background release)] Â 100. All samples were run in triplicate in three different sets of experiments. Results are reported as a mean values with SE.
In vivo resistance to rituximab was evaluated and clearly shown using Raji-4RH in a lymphoma-bearing xenograft mouse model (Supplementary Fig. 1 ). Differences in rituximab binding between RSCL and RRCL. To evaluate whether the decrease in rituximab-associated biological activity in our cell lines was a result of a decrease in the binding affinity of rituximab for CD20, we did flow cytometric studies using an Alexaconjugated rituximab produced in the flow cytometry facilities at Roswell Park Cancer Institute.
Evaluation of changes in CD20 antigen and immunoglobulin expression in RRCL. Differences in CD20 antigen expression and density of expression between RSCL and RRCL were evaluated by flow cytometric analysis. In addition, structural changes in CD20 were evaluated by Western blotting. RSCL and RRCL (5 Â 10 6 cells) were solubilized with a radioimmunoprecipitation assay buffer containing 2 mmol/L phenylmethylsulfonyl fluoride, leupeptin (1 Ag/mL), pepstatin (1 Ag/mL), and aproprotinin (1 Ag/mL). After nuclei and debris were pelleted, the total protein was quantified. Subsequently, 20 to 30 Ag of protein per fraction were resolved under reducing or nonreducing conditions on a 10% SDS-PAGE gel and separated. The gel was then electroblotted (24 V Â 16 h) onto a polyvinylidene difluoride membrane (Schleicher and Schuell). After blocking, membranes were incubated at 4jC overnight with various antibodies that target different epitopes on the internal (1439 and GST-77 antibodies) and external (rituximab) CD20 domains. After adding the appropriate horseradish peroxidaseconjugated secondary antibody, detection by enhanced chemiluminescence methods were done.
Differences in CD20 transcription in RRCL. Studies were conducted in Raji parental cells and RRCL 2R and 4RH derived from Raji cells. Total RNA was extracted from RSCL and RRCL using TRIzol reagent and used as templates for the creation of cDNA using random primers. CD20 was specifically amplified from cDNA using primers designed to amplify its coding region (sense, ATGGGACTTTCCCGCAG; antisense, ATCACTTAAGGAGAGCTGTC). Thirty cycles of PCR were done and PCR products were electrophoresed through 1% agarose gels containing ethidium bromide. Resultant bands visualized on a BioDocIt System UV transluminator (UVP).
CD20 gene sequencing. The CD20 gene is composed of eight exons giving rise to mRNA splice variants of 2.6, 2.8 (dominant), and 3.4 kb. To explain differences in the structure of CD20 (see Results) observed between RSCL and RRCL, we did gene sequencing of CD20 using cells derived from parental Raji cells and two RRCL. Total RNA was isolated from cell lines with TRIzol (Sigma; ref. 29) . RNA was then reverse transcribed into cDNA using random hexamers and Moloney murine leukemia virus reverse transcriptase and the CD20 coding sequence (f1 kb) amplified by PCR with primers specific for the 5 ¶ and 3 ¶ ends of the coding region. The product was run on a 1% agarose gel, specific bands were excised, and DNA was purified using a commercially available kit (Qiagen). Purified CD20 cDNA was then ligated into the pGEM-T Easy vector (Promega). This vector was used to transform DH5a chemically competent Escherichia coli (Invitrogen) and these cells were grown overnight in the presence of ampicillin. Transformed cells were then selected based on isopropyl-L-thio-h-Dgalactopyranoside/Xgal blue/white selection and further expanded in 3 mL of Luria-Bertani medium containing ampicillin. Plasmid DNA was extracted from E. coli via standard alkaline lysis miniprep (29) and tested for CD20 insertion by restriction digest. Plasmid DNA was sent to the Roswell Park Cancer Institute Biopolymer Facility for sequencing from the T7 and/or SP6 promoters contained within pGEM. Sequencing was done directly, with the ABI Big Dye Terminator kit (Applied Biosystems); the reaction products were resolved on automated capillary sequencer, ABI 3100, and evaluated using the DNA Sequencing Analysis software version 3.7. The sequence was compared with the CD20 wild-type sequence deposited at Locus Link.
RNA splicing differences between RRCL and RSCL as determined by Northern blot. To further study the potential mechanisms responsible for the changes in CD20 observed in RRCL, we explored the role, if any, of alternative splicing in changes observed on CD20 expression in RRCL. Total RNA was extracted from RSCL (Raji) and RRCL (2R and 4RH) using TRIzol reagent as described above. Total RNA was then heated to 55jC for 15 min followed by electrophoresis through a 1.4% agarose gel containing 18% formaldehyde. Following electrophoresis, RNA was transferred to nitrocellulose membranes as previously described (30, 31) . RNA was then UV cross-linked to membranes and probed with 32 P-labeled cDNA specific for CD20 or h-actin. Probes used were an f870 bp cDNA encompassing the coding region of CD20 and an f600 bp h-actin cDNA, which were labeled to a specific activity of 1 Â 10 9 dpm/mg. Autoradiographic detection of a hybridized probe Genetic changes associated with the acquisition of resistance to rituximab. To elucidate possible changes in gene expression profiles that may be associated with potential pathways involved in the development of rituximab resistance, we conducted experiments comparing rituximab-sensitive Raji cells with the two RRCL derived from it (2R and 4RH) applying cDNA microarray technology. Total RNA was extracted from each cell line and cDNA was generated as previously described (32) . Labeled cDNA was hybridized to the Roswell Park Cancer Institute Cancer Chip, containing 11,519 cDNAs and subsequently scanned to obtain quantitative gene expression levels. Data were analyzed by the Genomic Core Facilities in the Department of Genetics, RPCI. were removed from a log-phase growth culture and resuspended at 1 Â 10 7 cells/mL in methionine-free DMEM (Life Technologies) for 30 min at 37jC. After the 30-min incubation, 0.7 mCi/mL of [ 35 S] methionine (Amersham) was added and cells were incubated at 37jC for 2.5 h. Subsequently, 1-mL aliquots were removed and added to 10 mL of ice-cold 1Â PBS. Cells were then pelleted by centrifugation for 5 min at 1,400 rpm, supernatant was removed, and the cell pellet was lysed in a 1% Triton X-100 buffer containing protease and phosphatase inhibitors. Immunoprecipitation was then carried out using rituximab (CD20) or trastuzumab (Her2/neu; negative control) at a concentration of 2 Ag/mL. Eluted proteins were then separated on 12% SDS-PAGE gels and detected by autoradiography.
Evaluation of differences in CD20 antigen redistribution into lipid raft domains following rituximab exposure between RSCL and RRCL. NHL cells were grown to a density of 1 Â 10 6 /mL to 3 Â 10 6 /mL in RPMI 1640-10 medium as described above; 1 Â 10 8 cells were harvested by centrifugation at 2,000 rpm for 5 min in a Sorvall Legend RT Centrifuge. The supernatant was discarded and the cells were gently resuspended in 10 mL of RPMI 1640-10 medium. Raji cells (1 Â 10 8 ) were suspended in 10 mL of RPMI -10% fetal bovine serum and exposed to rituximab or trastuzumab (isotype) at a final concentration of 10 Ag/mL for 15 min at 37jC, 5%CO 2 . Lipid rafts were isolated as described by Cheng et al. (33) . CD20 and Lyn localization in soluble and insoluble fractions were determined by Western blotting as previously described (36) .
Effects of proteasome inhibition with PS341 on the expression of the CD20 in RRCL. Raji-derived 2R cells (4 Â 10 6 ) were exposed to PS341 (Millennium Pharmaceuticals, Inc.) at 0, 20, and 100 nmol/L. After 24 or 48 h, proteins were extracted, revolted in a 13% SDS gel, and transferred into polyvinylidene difluoride membranes. CD20 expression was detected with the GST-77 (COOH terminal), 1439 (NH 2 -terminal), and rituximab antibodies.
Results
Chronic exposure to rituximab with or without human serum results in acquirement of a resistant phenotype to rituximabinduced ADCC and CMC. Significant reduction in rituximabmediated CMC and ADCC was observed in RRCL. Acquirement of a resistant phenotype was shown in cells derived from Raji, RL, and SU-DHL-4 cell lines (Table 1 ; Figs. 1 and 2 ). Rituximab resistance had been maintained in our RRCL over the past 2 years despite multiple passages or prolonged periods of incubation. Moreover, rituximab resistance has been preserved without the necessity to supplement rituximab into the Cr-labeled NHL cells were exposed to rituximab or isotype (10 mg/mL) and human serum or peripheral blood mononuclear cells (PBMC) at an effector-to-target ratio of 40:1, respectively.
medium in which the cells grow in between experiments.
In vivo rituximab resistance was confirmed with Raji-4RH cells (see Supplementary Fig. 1 ).
Phenotypic changes occurring in rituximab resistant cell lines. Repeated exposure of rituximab-sensitive cells to rituximab with or without human serum resulted in significant changes in the surface expression of various cluster-designated antigens. Specifically, an up-regulation of the complement inhibitory proteins CD55 and CD59, as well as CD52, was observed (Fig. 2) . In contrast, no significant changes in the expression of CD22, CD19, CD80, and class II antigens CD46 and CD40 were shown (not shown). Overall, global down-regulation of Fig. 3 . A decrease in CD20 expression was noted by flow cytometric analysis between rituximab-sensitive and rituximab-resistant cells. Flow cytometry shows a decrease in CD20 expression in RRCL (A). In general, reverse transcription-PCR using primers encompassing the coding region of CD20 shows decreased CD20 transcription in RRCL compared with rituximab-sensitive cell lines Raji, SU-DHL4, and RL cells (B). (Figs. 3 and 4A) . Of interest, only in Burkitt's-derived cells, a down-regulation of CD21 was observed upon the acquirement of a rituximab-resistant phenotype (data not shown).
Development of rituximab resistance is associated with significant changes in CD20 antigen expression. The repeated exposure of lymphoma cells to rituximab with or without human serum led to a decrease in CD20 expression between rituximab-sensitive (Raji, 186.3 MFC) cells and RRCL (2R, 167.76 MFC and 4RH, 151 MFC) as shown by flow cytometric studies using rituximab. Similar differences were observed in RRCL derived from RL and SU-DHL-4 cells (Fig. 3A) . This decrease in surface CD20 levels can be attributed, in part, to reduced CD20 transcription in the resistant lines (Fig. 3B) .
Western blot analysis using rituximab shows that full-length CD20 is diminished in the resistant lines compared with Raji (compare band migrating at 40 kDa in Fig. 4, top) . Strikingly, a novel lower molecular weight species (30 kDa) appears in the resistant lines 2R and 4RH that is not apparent in the parental Raji line. Studies done in nonreducing conditions failed to show the existence of a postulated truncated form of CD20, but instead the lower molecular weight species observed at 30 kDa was subsequently identified as the light chain of IgM (see below).
Development of rituximab resistance is associated with upregulation of surface IgM. Western blot analysis using rituximab and a horseradish peroxidase -conjugated anti-human secondary mAb shows that full-length CD20 is down-regulated in RRCL compared with potential Raji cells from which they were derived (Fig. 4A) . Strikingly, a novel lower molecular weight species (f30 kDa) was detected in resistant 2R and 4RH cell lines but not in parental Raji or RL (not shown) cell lines. We have recently discovered that the lower band observed correspond to the light chains of IgM. Western blots done in nonreduced conditions and flow cytometric analysis confirmed that RRCL up-regulate IgM (Fig. 4B and C) . Furthermore, the low molecular bands were detected in Western blotting studies where only the secondary antibody (a mouse anti-human horseradish peroxidase -conjugated antibody) was used (data not shown).
Changes of CD20 expression in RRCL occur at both the gene and posttranslational levels. The changes in CD20 expression detected by Western blot may be a result of either alternative splicing or posttranslational (protein) processing. To determine if the resistant lines contained full-length CD20 transcripts, we first isolated cDNA from Raji and the resistant lines 2R and 4RH and amplified the gene using primers to the 5 ¶ (NH 2 -terminal) and 3 ¶ (COOH-terminal) ends to determine the sequence. The gene sequences between Raji and RRCL 2R and 4RH are identical, indicating that 2R and 4RH both contain full-length CD20 transcripts (not shown).
To evaluate alternative splicing as a potential mechanism to explain the changes in CD20 expression, we did Northern blot studies and show similar splicing forms between Raji versus 2R and 4RH cells (not shown). Together, these data argue that the resistant lines 2R and 4RH contain full-length CD20 transcripts and that the transcript forms are similar to that observed in Raji cells.
To determine if full-length CD20 protein is synthesized in the resistant lines, we initiated [
35 S]methionine metabolic labeling studies. Following a 2 h labeling, immunoprecipitation using rituximab was done; Raji 2R cells synthesizes less the full-length CD20 protein than parental Raji, but 2R also shows two faster migrating species (not shown). The faster migrating species may represent shorter versions of CD20 protein processed (within the 2 h labeling time) in addition to the full-length CD20.
Impaired Ca 2+ mobilization in RRCL is associated with changes in CD20 antigen expression. Various investigators have shown significant mobilization of Ca 2+ following in vitro exposure to rituximab in lymphoma cell lines. It has been postulated that CD20 may directly serve as a calcium channel. Because we found a down-regulation of CD20 in our RRCL, we subsequently investigated if the down-regulation of CD20 could potentially affect downstream signaling events in RRCL. Using real-time flow cytometric detection of FLUO-3 AM fluorescence following exposure of cells to rituximab and human serum revealed a significant decrease in the ability of RRCL to flux calcium in response to rituximab cross-linking (Fig. 5A) compared with parental cells.
Differences in the reorganization of CD20 antigen into LRD and induction of apoptosis upon rituximab binding in RSCL and RRCL. Other groups of investigators have shown that the COOH-terminal region of CD20 antigen is necessary for the reorganization and stabilization of CD20 into the LRD (18) .
Moreover, disruption of the cholesterol content within the LRD results in a decrease in CD20 recruitment into the LRD region and impairment in rituximab-mediated CMC. Studies using Raji cells and the RRCL 2R and 4RH show that the reorganization of CD20 into the LRD is impaired following rituximab exposure compared with the parental Raji cells (Fig. 5B) . In addition, a decrease in rituximab-induced direct apoptosis was observed in RRCL (Fig. 5C) .
Gene profile changes associated with the acquisition of resistance to rituximab. To elucidate potential pathways involved in the development of rituximab resistance and possibly CD20 antigen expression, we studied differences in the gene expression profiles between rituximab-sensitive Raji cells with the two RRCL derived from it (i.e., 2R and 4RH). Applying cDNA microarray technology, a total of 11,519 genes were screened. Our studies showed that significant changes in expression of genes occur in rituximab-resistant cells when compared with their rituximab-sensitive parental cells. A total of 148 genes were found to been up-regulated in 2R cells and 365 genes in the 4RH cells when compared with the Raji parental cell lines. In addition, down-regulation of 10 genes (2R cells) and 23 genes (4RH) were detected in rituximabresistant cells, respectively. Common genetic changes were observed between the 2R and 4RH cell lines. A common subset of 129 up-regulated genes and 10 down-regulated genes were detected in both 2R and 4RH cells (Supplementary Table 1A and B). Of interest, a significant up-regulation of genes from proteins involved in the ubiquitin-proteasome system was noted (Table 2) . Confirmatory studies at the protein level showed an mobilization was measured by flow cytometric analysis using FLUO-3 AM (acetoxymethyl ester). Pluronic acid F-127 was used to load FLUO-3 AM into NHL cells. Optimization of the Ca 2+ indicator and calibration curves was done for each cell line. Raji and RRCL were labeled under optimal conditions with FLUO-3 AM/Pluronic Acid F-127. Subsequently, cells were then resuspended in Hanks' medium with Ca 2+ and exposed to rituximab or isotype (10 mg/mL) F human serum (25%). Ionomycin was used as a positive control. Isolation of LRD following rituximab exposure shows differences in the redistribution of CD20 antigen into the lipid raft fractions (lanes 3-5) between Raji parental cells and RRCL. Lyn is used to colocalize the LRD region. Although there is evidence of redistribution of CD20, it is ''incomplete'' because a significant amount of CD20 remains in the nonlipid raft fractions (i.e., lanes 6-10; B). Induction of apoptosis following rituximab (no cross-linking) exposure is significantly decreased in RRCL (Raji 2R) as shown by flow cytometry analysis staining for Annexin V/propidium iodine (C).
increase in the proteasome activity ( Supplementary Fig. 2A-C) and up-regulation of the ubiquitin-conjugating enzymes E1 and E2 in 2R and 4RH cells (Supplementary Fig. 2D ).
Effects of proteasome inhibition in CD20 expression and rituximab antitumor activity in RRCL. In vitro exposure of RRCL to PS341 (20 and 100 nmol/L) for 24 and 48 h resulted in an increased expression of the COOH-terminal region of the internal domain of CD20 (Fig. 6A) . No changes were observed in the expression of the NH 2 -terminal region of CD20 or rituximab binding site. In addition, PS341-exposed RRCL regained little to no sensitivity to rituximab-associated CMC (Fig. 6B-D) . The minimal improvement in rituximab responsiveness strongly suggests that additional alternative mediators of rituximab resistance exist.
Discussion
Upon selective pressure, it is expected that malignant cells will undergo genetic and phenotypic changes that will allow a particular cell clone to survive and expand in a ''hostile'' environment.
The structure of CD20 was described initially by Tedder et al. (34) . CD20 is a tetra-span transmembrane protein with a cytoplasmic COOH-and NH 2 -terminal found in normal and neoplastic B cells. CD20 antigen function has not yet been defined. It has been described as a calcium channel or a receptor necessary for B-cell proliferation/maturation (35, 36) . However, CD20 knockout mice develop an entire normal B-cell repertoire and places into question its specific role in B-cell proliferation/maturation. Most of our limited knowledge about CD20 function has been obtained using various anti-CD20 murine or chimeric antibodies (B1, MCF7, rituximab, etc.; ref. 37) . Although the gene sequence of CD20 is preserved in our RRCL when compared with their parental cell lines, the rate of CD20 gene transcription and protein degradation changed upon the acquisition of rituximab resistance. Our cell model of rituximab resistance can potentially improve our understanding of CD20 function in normal and malignant B-cell development. Moreover, we noted a previously undocumented up-regulation of surface and/or cytoplasmic IgM in various RRCL. Although the significance of this up-regulation of IgM in RRCL is unknown, it continues to be part of ongoing research in our laboratory.
The acquisition of resistance to anti-idiotypic mAbs was described previously by Levi et al. (19) . ''Complete'' loss of expression of CD20, the most plausible mechanism to explain rituximab resistance, has been observed only in a relatively small number of patients (20) . Our data suggest that chronic exposure to rituximab results in both global gene and protein down-regulation of CD20. Similar to our findings, other groups of investigators had previously shown that the chronic exposure of B-cell lymphoma cell lines to rituximab results in acquirement of rituximab resistance and down-regulation of CD20 (38, 39) . Despite differences in the cell lines used or the strategy to develop rituximab resistance in cell lines used by Drs. Bonavida's, Aizawa's, or our group of investigators, the common finding was the global down-regulation of CD20 antigen. Of interest, although it is beyond the scope of this article, the acquirement of rituximab resistance in B-cell lymphoma cell lines is associated with deregulation of the Fig. 6 . The role of proteasome-ubiquitin system in rituximab resistance and CD20 expression. In vitro exposure of RRCL (Raji 2R and Raji 4RH) to bortezomib (PS341, 20 or 100 nmol/L) resulted in an increase expression of CD20 as shown by Western blotting (a GST-77 recognizing the COOH-terminal region of human CD20 was used; A). Despite an increase in CD20 antigen expression following in vitro exposure to bortezomib (low doses, i.e., 20 nmol/L), there was little to no changes in rituximab-mediated CMC in RRCL, suggesting the existence of additional mechanisms responsible for rituximab resistance (B-D). Briefly, RSCL or RRCL were exposed to either DMSO or bortezomib (PS341) for 48 h and subsequently exposed to RPMI, rituximab, or isotype (10 mg/mL), and 25% human serum for 6 h. Necrosis was detected by propidium iodide (PI) staining. Experiments were done in triplicates.
apoptotic machinery leading to resistance to multiple chemotherapy agents as shown by Dr. Bonavida's group, as well as in our rituximab resistance cell models (39, 40) .
Compared with other rituximab-resistant cell models, our RRCL are able to maintain low levels of CD20 and resistance to rituximab in vitro or in vivo (Raji 2R and Raji 4RH cells tested) without the necessity to be maintained in rituximab-containing medium for long periods of time (39) .
The regulation of CD20 expression in RRCL is complex and at least involves transcriptional and posttranscriptional regulatory mechanisms. The absence of point mutations in our gene sequencing studies and the formation of two identical alternative splicing isoforms in our Northern blot studies further favor a posttranscriptional event. Our data suggests that the ubiquitinproteasome system may play a role in the degradation of the COOH-terminal region of CD20 in RRCL. It is unclear how the proteasome regulates CD20 expression in our RRCL, and two hypothesis could be formulated. The first one entertains a direct role of the proteasome in CD20 protein degradation. Investigators have shown that several transmembrane receptors, such as HLA-class II or FcqRI, undergo ubiquitination and proteasome degradation; FcqRI shares structural similarities with CD20 (41 -44) . The second hypothesis postulates that the proteasome indirectly regulates CD20 expression by targeting a CD20-regulatory transcription factor (45 -47) . Ongoing studies in our laboratory are focused in addressing the mechanism(s) by which the proteasome regulates CD20 expression in RRCL. To our knowledge, this is the first report suggesting that CD20 expression may be regulated by the ubiquitin-proteasome system. By selectively inhibiting the proteasome, we were able to increase the expression of the COOH-terminal region of CD20 in RRCL. Despite the changes in CD20 expression following in vitro exposure to PS341, only partial improvement in rituximab-associated CMC was observed, suggesting the existence of other mechanisms of acquired resistance to rituximab (i.e., up-regulation of CD55 and CD59). In addition, we discovered an unanticipated up-regulation of the CD52 antigen in RRCL. Although the significance of this finding is unclear, it is possible that targeting CD52 with alemtuzumab may result in significant antitumor activity and could potentially be used in the treatment of rituximab-refractory B-cell lymphomas. It is important to acknowledge that our results are primarily limited to our lymphoma model and will need to be validated in cells directly derived from patients with primary rituximab refractory B-cell lymphomas.
Lipid raft domains (LRD) are defined as cholesterol-and sphingolipid-rich microdomains that are resistant to solubilization in nonionic detergents at low temperatures (48) . LRD undergo significant structural changes during activation states such as receptor-ligand (e.g., antigen-mAb) binding or chemical exposure (49, 50) . The abnormal down-regulation of CD20 antigen, such as that found in our RRCL, although not affecting binding of rituximab, affected the redistribution of CD20 antigen into LRDs. Down-regulation of CD20 potentially results in a decrease in signaling events as shown in our Ca 2+ influx studies. Ongoing studies are aimed to further study the changes in calcium mobilization, Ca 2+ storage, and regulatory proteins, and the differences in tyrosine phosphorylation between RSCL and RRCL. In addition, validation of our findings in a more clinically relevant ''model'' such as from ''paired'' primary B-cell lymphoma patient samples is needed and is under way under institutional review board approval protocols. As more lymphoma patients are exposed to prolonged rituximab maintenance programs, the potential risk of acquired ''biological'' resistance will likely increase. In anticipation of this clinical scenario, it is necessary to define the mechanisms of resistance to rituximab so that rational strategies to overcome it may be designed, tested, and clinically implemented. Our model is a valuable tool by which to define mechanisms/pathways associated with rituximab resistance.
